Abstract
Introduction
The rapid increase in road traffic density leads to congestion on streets and accidents, which brings serious threat to people's property and personal safety. Vehicle-to-vehicle (V2V) communication systems are a promising technology to alleviate or avoid these injuries because they have the potential to improve convenience and safety of traffic transportation [1] . V2V communication systems can find applications in cellular networks, intelligent transportation systems and future combat systems [2] . For the development of future V2V communication systems and standards, a deep knowledge of the underlying fading channel characteristics is of prime important.
In V2V communication systems, both the transmitters and receivers are in motion and surrounded by local scatterers. The channel characteristics of the V2V scenario are influenced by the typical traffic patterns and by the environment around the transceivers [2] . Different V2V models have been proposed to research the channel characteristics in the literatures. For 2D scenario, [3, 4] propose the geometric scattering model for streets and derive the cross-correlation function (CCF) and temporal autocorrelation function (ACF). [5] proposes a two-ring model to describe the typical urban scattering scenario and derives the CCF of the complex channel gains. Combined two-ring model and ellipse model, [6] obtains the space-time-frequency correlation function (STF-CF) and power spectral density (PSD) for the non-isotropic Ricean fading channels. As special cases of V2V channels, fixed-to-vehicle (F2V) channels are analyzed in [7, 8] , and the statistics of angle-of-arrival (AOA), angle-of-departure (AOD) and time-of-arrival (TOA) of the channel are studied. All the above models assume the scatterers around transceivers are stationary. However, non-stationary or moving scatterers are ubiquitous in V2V communication systems. The non-stationary scatterers may include walking pedestrians, moving foliage, and passing vehicles, which can be a significant source for the Doppler spread, particularly at millimeter wavelengths [9] . [9] considers the situation when moving scatterers concentrate on a ring centered on the fixed receiver for 2D fixed-tofixed (F2F) channels. [10] discusses the influence of moving scatters with deterministic velocities and deterministic directions on the CCF and ACF of 2D V2V channels. [11] and [12] derive the ACF, PSD and Doppler spread of 2D V2V channel in the presence of moving scatterers with random velocities and random directions analytically. However, all of these models restrict them to 2D multipath scattering without extending their results to the three dimensional (3D) cases, which is more opportune to model the movement of scatterers in real-world. Recently, with the development of intelligent transportation, more and more literatures dedicate their studies on the statistical behavior of 3D channels. [13] derives the closed-form expression of joint space-time correlation function (ST-CF) for 3D non-isotropic scattering scenario where scatterers are fixed on the surface of two cylinders. [14] and [15] propose a geometrical model where scatterers are limited in the volume of the two spheres, and deduce its space-time-frequency cross-correlation function (STF-CF) and ACF, respectively. [16] proposes a 3D semi-ellipsoidal model where scatterers are confined with the volume of the semi-ellipsoids, and studies the joint probability density function (PDF) of the azimuth and elevation AOD. However, all these 3D models suppose the scatterers are stationary. For non-stationay 3D case, [2] restrictes the scatterers in the volume of cylinders and derived the ST-CF and space-Doppler PSD of the channel. In this paper, we would analyze another non-stationary 3D multipath scattering scenario where the local scatterers are moving with constant velocities in random directions and no constrains are imposed on the position of the moving scatterers. To be more specific, we extend the results in [11] and [12] into its 3D case and derive the corresponding analytical expression of temporal ACF. As the analytical expression involves high dimensional integration, the corresponding numerical solution is given out by the usage of ray-tracing based model, with which the influences of different scatterer velocities and different scatterer densities on the ACF are discussed.
The remainder of this paper is organized as follows. Section 2 presents the analytical expression for the temporal ACF of non-stationary 3D multipath scattering. Section 3 introduces the ray-tracing based simulation model for numerical calculation. Section 4 presents the numerical simulation results and the related discussions. Section 5 summarizes the main contributions and concludes the paper.
Theoretical Analysis

Non-Stationary Three Dimension (3D) Scattering Model
The non-stationary scattering 3D model shown in Fig. 1 
Figure 1. 3D Non-Sstationary Scattering Scenario
ACF of Non-Stationary 3D Multipath Scattering
The established non-stationary 3D scattering propagation model in Figure 1 is an extension of the 2D case analyzed in [11] . The complex channel gain of frequencynonselective F2V channels with stationary scatterers can be presented as [17] ( 2 )
where n c is the attenuation factor caused by the interaction of the emitted wave with the n th scatterer n S , n f is the Doppler shift caused by the moving receiver, n  represents the phase shift of the n th path, which is not considered in this paper and
The channel impulse response described above cannot be used to model the 3D V2V propagation scenario in Fig. 1 directly. To make it tractable, the effects of both moving transmitter and moving scatterers have to be considered. According to [11] , 
in which, the first part of Doppler shift in 3D case, because the transmission path of electromagnetic wave is really 3D rather than 2D. As they share the similar deduction process, here we just illustrate the derivation process of SR n f for reference. The scattering path from the the n th scatterer n S to the receiver is illustrated in Fig. 2 
where  is the wavelength of the carrier, 4), with which the temporal ACF in 3D non-stationary multipath scattering can be given as Eq. (5) 
Assuming that the scattered waves departing from transmitter T C to the n th scatterer n S transmits with equal probability in the upper semi-sphere, the elemental probability dp of a contributing scattered wave occurring within the element of solid angle
, since the total solid angle of a semi- 2015) sphere is 2 . Describing the direction of an departing wave in terms of azimuth and elevation AOD ( 
Equation (6) is a complicated integration with six dimensions. It is hard to use symbolic integration to give out its exact result, while numerical integration can be adopted to get its numerical solution. The efficiency of classical numerical integration methods, such as Simpson method and trapezoid method, descends rapidly with the increase of dimension. Therefore, to obtain the numerical results of Eq. (6), Monte Carlo integration is suggested, as the efficiency of Monte Carlo integration is not affected by the dimension of integration. However, the accuracy of Monte Carlo integration highly relies on random numbers, then we propose a raytracing based simulation model.
Ray-Tracing Based Simulation Model
Considering the scattering scenario shown in Figure 1 , a simulation method based on ray-tracing is proposed herein to get the numerical solution of Eq. (6) . As the Doppler frequency shift can also be written as 
Applying the standard ray-tracing method to Equation (7) deduced from Figure 1 , the procedure of ray-tracing method to carry out the numerical calculation of Eq. (6) is illustrated in Figure 3 . 
Numerical Results
The initial parameters in simulation are set as follows: the position of transmitter is ( which degrades our 3D model into 2D case. The red scatters is the result of () a  in Figure 5 of [11] under the assumption of uniformly distributed velocity of scatters. It shows that: the ray-tracing based simulation model is an effective method to calculate () a  and can easily apply to the 2D scenario in [11] which serves as a special case of our proposed model. Figure 6 illustrates the () a  with different velocities for non-stationary 3D F2F scenario, which reflects the impact of the random movement of scaterers on () a  . It shows that: 1) the temporal ACF () a  is sensitive to the velocity of scatters, to be more specific, a little increase of the velocity of scaterers can affect () a  a lot; 2) the temporal ACF () a  attenuates more rapidly with the increase of the velocity of scatterers. 
Conclusions
According to the channel characteristics of V2V communication systems, the analytical expression for the temporal autocorrelation function of the non-stationary three dimensional (3D) multipath scattering is derived, where the scatters are in random motion relative to transceivers. The numerical solution of the analytical expression is given by the ray-tracing based simulation model. The analytical expression and the corresponding ray-tracing based methodology has a good scalability: 1) The 2D multipath scattering and the stationary multipath scattering are two typical special cases; 2) the impact of scatterer velocity on the temporal ACF can be discussed for F2F and V2V multipath scattering; 3) the impact of scatterer density on temporal ACF can also be researched. The numerical results show that the temporal ACF would attenuate more rapidly with the increase of the velocity and density of the scatterers. These results allow engineers more appropriate determination on the coherence time and coherence bandwidth for the 3D V2V communication in urban propagation scenario.
